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F O R E W O R D  
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requirements of NASA Contract NAS 3-7985. 
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1 SUMMARY 

This i s  the first quarterly progress report on Contract NAS 3-7985, entitled, 
"The Effect of Nuclear Radiation on Materials at Cryogenic Temperatures ." 
The scope of the test program i s  divided into two general phases, tensile testing 
and low-cycle fatigue testing. The tensile testing phase w i l l  ut i l ize existing 
test loops and includes a study of the effects of irradiation at 30°R to 1018 nvt, 
a study of the effects of irradiation temperature, and a study of the effects of 
self-annealing fol lowing irradiation. The low-cycle fatigue testing phase re- 
quires extensive modification of existing test loops and the hydraulic load 
control system and includes both fatigue testing during irradiation at  30"R and 
fatigue testing following irradiation at 30°R to 1017 nvt. 

The materials selected for study were based on the need for engineering data at 
higher flux levels than heretofore attained at  cryogenic temperatures, and on the 
need for more fundamental data on the mechanical properties of metals under 
neutron irradiation at cryogenic temperatures. Titanium and several titanium 
alloys and alloy conditions have been selected for the engineering studies and 
Aluminum 1099 has been selected for fundamental as well as engineering studies. 

Progress during this reporting period has been in the form of necessary prepara- 
tions and modification of existing test loops and equipment with no actual test 
results to date. 

The test specimens for the tensile testing phase of the test program have been 
fabricated, but fabrication of the fatigue specimens w i l  I be postponed pending 
final specimen design. 

Test loop modification for low-cycle fatigue testing has required considerable 
effort devoted to the development and design of a method for reinforcing the 
test loop structural member for improved alignment under loading and improved 
fatigue resistance. Also, a method for removing one of the two seals (between 
the refrigerated helium and the cooling water) i n  the test loop head assemblies 
was developed and has been employed in  modification of three unirradiated 
head assemblies. 

The existing hydraulic load control system i s  being completely revamped to facil- 
i tate the low cycle fatigue testing with a controlled shape to the stress versus time 
cycle. The required modifications have been established and the system has been 
ordered for delivery before the end of January 1966. A preliminary load control 



system without the refinements of the final system i s  being constructed for the 
purpose of qualifying the modified test loops and the fatigue specimen design 
before delivery of  the permanent system. 

During performance of maintenance and calibration of test equipment and instru- 
mentation, a number of leaks were detected i n  the test loops. These leaks have 
been, or are in the process of being, repaired. 

A new beam port gamma shield was installed i n  the reactor faci l i ty  during this 
reporting period. Realignment of the transfer system and adjustments to facil i tate 
inserting the test loop an additional 0.25”, which i s  permitted by the internal 
dimensions of the new shield, have been completed. However, before actual test 
results can be obtained, neutron flux mapping and temperature correlation measure- 
ments are required. Procedures for these measurements have been init iated but 
were not complete at the end of this reporting period. 
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2 INTRODUCTION 

The combination of a fast neutron and cryogenic environment encountered i n  
the structural members of a l iquid hydrogen nuclear rocket imposes service 
conditions dissimilar to those encountered i n  other engineering applications. 
Both fast neutron bombardment and extremely low temperatures affect the 
mechanical properties of engineering materials; therefore the magnitude of 
the combined effect must be determined to provide basic design information 
before materials for a reliable nuclear rocket system can be selected. Since 
the neutron irradiation effects are self-healing through spontaneous annealing 
even at low temperatures, tests to provide the desired information concerning 
the combined effect must be conducted wi th  the specimens held at the temp- 
erature of interest during the entire irradiation and testing period. 

A screening program (reference 1) was undertaken to assess the effect of fast 
neutron irradiation on selected engineering al loys at temperatures near the 
boi l ing point of l iquid hydrogen (-423OF). Tensile tests on parallel sample 
sets of unnotched specimens for each alloy at room temperature unirradiated; 
at 30°R (-430°F) unirradiated and at 30°R irradiated to 1 x 1017 n/cm2 
(energies greater than 0.5 MeV) were performed at the NASA Plum Brook 
Reactor Facil ity using a helium refrigerator and testing equipment specially 
designed for in-pi le  testing under control led temperature conditions. 

Test results from the screening program indicated that titanium alloys possessed 
the highest strength-to-weight ratio following exposure to the combined nuclear- 
cryogenic environment as well as being among the least susceptible to deteriora- 
t ion of mechanical properties of the alloys tested. On the other hand, Aluminum 
1099 (99.99% Aluminum) was found to be very sensitive to both irradiation and 
temperature of irradiation. 

Based on the information obtained from the screening program, an in-pile test 
program (see Section 5) has been initiated to study i n  greater detail the effects 
of a combined nuclear-cryogenic environment on the mechanical properties of 
metals. The objective of this program i s  to provide engineering data at higher 
f lux levels and/or under different load conditions than heretofore attained at 
cryogenic temperatures as well  as data for more fundamental studies. I t s  scope 
consists of two general phases, tensile testing and low-cycle fatigue testing. 
The tensile testing phase includes irradiations at 30°R to 10’8 n/cm2 (E > 0.5 Mev), 

(1)- Quarterly Progress Reports 1-16, Contract NASw-114. 
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irradiations to 1017 n/cm2 (E )0.5 MeV) at temperatures between 30°R and room 
temperature (540°R), and irradiations to 1017 n/cm2 (E >0.5 MeV) at 30"R fol- 
lowed by specimen warm-up prior to fracture. The low-cycle fatigue testing 
phase includes both fatigue testing during irradiation at 30°R and fatigue testing 
following irradiation at 30"R to 1017 n/cm2 (E > 0.5 Mev). 

Existing test equipment (see Section 3) w i l l  be ut i l ized during performance of the 
test program. Most o f  this equipment has recently undergone major overhaul and 
modification (reference 2) in  preparation for the nominal 140 hour test period to 
obtain 1018 n/cm* (E )0.5 MeV) exposures. Maintenance and calibration 
schedules, established during this overhaul effort, should keep the equipment 
operating reliably. 

The tensile testing phase of the test program wi l l  precede the fatigue testing phase 
due to extensive modification of test loops and the hydraulic load control system 
necessary for cyclic loading. A qualification procedure w i l l  be conducted to 
demonstrate the adequacy of the test equipment for the tensile testing phase of 
the program as well as to give some additional data points. This qualification i s  
required because of the organic seals which are used in the test loops to isolate 
the static helium refrigerant, under pressure i n  the head assembly, from the 
cooling water. These seals have operated satisfactorily to 1017 nvt (E )0.5 MeV) 
irradiations but there i s  not assurance that they w i l l  retain their sealin 
istics after irradiations to 1018 nvt. Tests to 3 x 1017 nvt and 6 x 10 
30"R w i l l  be performed before undertaking the experiments which are to require 
1018 nvt. 

character- 
13 nvt a t  

As in  the screening program (reference l), standard test specimens cannot be used 
in  this test program due to various restrictions on the test equipment imposed by 
the nuclear cryogenic environment. The tensile specimens to be used represent 
a miniaturization of the standard ASTM E-8 specimen (reference 3). Although 
fatigue specimen design i s  not as standardized as tensile specimen design, the 
fatigue specimens used i n  this program w i l l  be miniature and w i l l  represent a 
departure from any commonly used design. 

A newly designed and fabricated gamma shield has been installed in the Plum Brook 
Reactor HB-2 beam port irradiation facil i ty. This change requires new calibrations 
(see Section 4), including neutron flux mapping and temperature correlations. 

(2). Summary Report, NASA CR-54770. 
(1). 
(3). 

Quarterly Progress Reports 1-16, Contract NASw-114. 

Anon: ASTM Standards, The American Society for Testing Materials, 
1958, Part 3, pp 103-119. 
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Progress during this first quarter of Contract NAS 3-7985 has been in  the form of  
necessary preparations and modifications of  existing test loops with no actual test 
results to date. Pertinent information i s  reported i n  the following sections. 
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3 TEST EQUIPMENT 

3.1 IDENTIFICATION 

The test equipment for in-pile and out-of-pile testing under controlled tempera- 
ture and load conditions permits the test program to be performed wholly by remote 
operations. Major components of the test equipment and the test operation can 
be readily identified and followed by reference to Figure 1. 

The irradiated specimens to be tested during this program w i l l  require protracted - 
up to about 140 hours - exposures i n  a high flux zone of the NASA Plum Brook 60 
MW (th) nuclear reactor with the specimen maintained at a specific temperature. 
The irradiations are to be conducted in a test location adjacent to the beryllium 
reflector on the north face of the reactor core. Access to this zone i s  through a 
9 inch ID horizontal beam port (HB-2) located approximately 20 feet below the 
surface of a pool of demineralized water which provides biological shielding 
di;ring reactor operations. The beam port, which penetrates a high density con- 
crete biological shield two feet thick, the reactor pressure vessel and the reactor 
thermal shield, i s  approximately six and one-half feet i n  length from i t s  external 
flange to the high flux test zone. However, the fu l l  ID of HB-2 i s  not available 
as a test zone since a gamma shield, required to permit specimen temperature con- 
trol at 30"R with refrigeration capacity of 1150 watts, l im i ts  the internal diameter 
of the beam port to 6 inches. 

For tensile test performance, a test loop i s  inserted into the hot cave for specimen 
installation. After completion of loop re-assembly following specimen insertion, 
the loop i s  withdrawn from the hot cave to the north table in Quadrant "0". 
Refrigerant flow i s  started and the table holding the loop i s  rotated 180'. The 
loop i s  then transferred to the south table and positioned i n  line with HB-2 and, 
after stabilization of specimen temperature at  the temperature to be maintained 
throughout the test, inserted into HB-2. 

The loop i s  held i n  this position with the specimen maintained at temperature unti l  
the accumulated fast neutron dose i s  attained. At this time, an axial tensile load 
i s  applied to the specimen and increased unti l  failure occurs. 

After specimen failure, the loop i s  returned to the hot cave for specimen replace- 
ment. 

7 
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During operation, two test loops are normally used for alternate insertion in  
HB-2, thus providing a maximum util ization of reactor operating time. While 
one loop i s  undergoing irradiation, the second loop i s  undergoing specimen 
replacement and cool-down operations. The system also has provisions for 
using three test ioops simultaneously with proper allocation of refrigerant. 

The requirements of the present test program, particularly the low-cycle 
fatigue testing, necessitates much preliminary effort i n  the form of analysis and 
modifications of the test equipment. Although this equipment i s  highly specialized, 
i t  may be conveniently separated into the six categories shown i n  Figure 2 for 
discussions of design, modification, and maintenance efforts, as we1 I as performance 
characteristics during test program operation. 

3.2 TEST LOOPS 

The test loops currently available are stainless steel cylindrical envelopes, 6 inches 
O D  by about 9 feet long, containing a l l  necessary equipment for irradiating a test 
specimen under precise temperature control conditions and fracturing the specimen, 
at temperature, i n  tension or compression without removal from the irradiation field. 
At the aft end of the test loop; fittings are provided for tying i n  the refrigeration 
system, the load control system, and the instrumentation and data recording system. 
Other fittings are provided for test loop cooling using deionized water (which must 
be isolated from the helium). 

These test loops wi l l  be used to perform the tensile test program and, after modifi- 
cation, the low-cycle fatigue test program. 

3.2.1 Tensile Test Loops 

Five tensile test loops are currently available for use i n  performing the test program. 
These loops are designated as 201-001, 201-002, 201-003, 201-004, and 201-005. 
Test loop 201-001 i s  a prototype and cannot be used in-pile. Test loops 201-002, 
201-003, and 201-004 were used during a previously conducted in-pile test program 
and are, therefore, radioactive. Test loop 201-005 has not yet been placed i n  
service . 

9 
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Head assemblies 201-007 and 201-008, however, have leaks in  their bellows 
assemblies and head assembly 201-010 has a hole in  the nuclear instrumentation 
tube (see Section 3.2.1.2.1) so that these three heads cannot be used unti l  repairs 
are effected. 

3.2.1.1 Design 

The tension-compression test loops currently available are specially designed enve- 
lopes containing a horizontally placed 5000 pound capacity tensile testing machine 
together with the requisite stress-strain monitoring instrumentation and vacuum 
insulated refrigerant transfer lines i n  a 6 inch OD tubular housing of sufficient 
length to place the test specimen i n  the high neutron flux zone. The design features 
of these test loops are shown i n  Figure 3. 

The tensile testing machine i s  actuated by a hydraulic cylinder using demineralized 
water as the working f luid to avoid the possible contamination of reactor primary 
or quadrant water with other fluids. The force i s  transmitted to the specimen through 
a push rod guided by two self-aligning graphite bearings. The load cell consists 
of a ring type dynamometer equipped wi th  a linear variable differential transformer. 
The output of the LVDT i s  a function of  the deflection i n  the ring which, in turn, i s  
a measure of the applied load. The forward section, or head, of the test loop i s  
removable to allow specimen change by remote handling methods. The holders on 
both forward and aft ends of the test specimen are assembled using mating spherical 
seats to insure proper alignment during application of the test load. Helium guides 
direct the refrigerant over the specimen i n  a flow pattern which assures adequate 
specimen temperature control . 

3.2.1.2 Modification 

3.2.1.2.1 Nuclear instrumentation Seal Elimination 

The test loops originally incorporated nuclear instrumentation i n  the head assembly 
which proved to be impractical and was abandoned early in  the screening program. 
The tube for this instrumentation remains and i s  internally cooled with circulating 

11 
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water which has to be isolated from the helium refrigerant at  the test loop bulkhead 
with an “0” ring type seal. This instrumentation tube seal i s  a source of dif f iculty 
because of helium leakage into the quadrant water when the test loop i s  withdrawn 
from the reactor beam port after a test, Also, since i t  i s  mechanically i n  parallel 
with an outer seal which isolates other head assembly cooling water from the refrig- 
erant, i t  detracts from the effectiveness o f  the outer seal. This seal w i l l  be eliminated 
by welding a blank off cap into the instrumentation tube. 

During this reporting period, a fixture (see Figure 4) was fabricated for remotely 
welding the blank off caps into the position indicated i n  Figure 5. Since this fixture 
was designed with the center of  rotation to be coincident with the center line of  the 
nuclear instrumentation tube, a mock-up of a head assembly was also fabricated. 
Provisions were made i n  this mock-up to permit replacement of the tubes i n  which 
the blank-off cups were to be welded, Numerous tests on mock-up components were 
conducted to develop welding parameters and techniques. A prime consideration 
of the operation of blanking off this tube was the effect of the vacuum surrounding 
the tube on the structural integrity of the tube at  welding temperature. Tests indi- 
cated that i t  would be more feasible to perform the work with an ambient environ- 
ment so the vacuum would be vented to atmosphere i n  a l l  head assemblies before 
proceeding with welding of the cap into the head. 

The fixture has been uti l ized for welding unirradiated head assemblies 201-006, 201- 
009, and 201-01 1. After welding, these three assemblies were first checked with 
a helium mass spectrometer at ambient conditions for (1) possible burn-through of the 
tube in  the welding process which would introduce a leak into the vacuum and 
(2) the integrity of  the weld to assure that water in  the remainder of  the tube could 
not enter the helium cavity. Subsequently, they were leak tested at  4OO0F, evac- 
uated and sealed. Al l  heads indicate, by a low liquid nitrogen boi l  off rate, a 
successful seal weld and are, therefore, considered complete i n  the new configura- 
tion. 

Attempts to weld the blank off cup in  irradiated test loop head assemblies have thus 
far been unsuccessful. The cup was placed i n  the nuclear instrumentation tube of 
test loop head assembly 201-010 and the remote weld was initiated. During the tra- 
verse of the electrode, however, i t  was noted that the weld was not continuous. The 
operation was stopped and the fixture and electrode holder were checked for align- 
ment. The second try did not produce appreciably better results, so the fixture was 
removed from the hot cave and checked for alignment and tested for abi l i ty  to perform 
satisfactory welds. It was then replaced in  the hot cave and another attempt made 
with no appreciably better results. By this time, though, there was distinct evidence 

13 
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of clearance between the cup and the nuclear instrumentation tube due to warpage 
from the amount of heat involved in  the weld attempts. In addition, the l ip of the 
blank off cup was distorted and uneven. In  an attempt to circumvent the problem 
of trying to position the electrode over an uneven surface, i t  was decided to attempt 
to hold the electrode with a manipulator and do the welding manually. Checks for 
welding current settings were performed and dry runs were made to determine i f  such 
a method was feasible. The operation was started and a weld bead was made approx- 
imately halfway around the cup but the clearance between the cup and tube kept 
increasing. Attempts were made to add material to f i l l  the gap but before sufficient 
material could be added, a hole i n  the nuclear instrumentation tube developed, thus 
causing a cessation of act ivi ty on this head assembly. The decision was then made 
to further check the welding fixture to determine the cause for the malfunction 
before further welding was performed. 

3.2.1.3 Performance 

3.2.1.3.1 Test Loops 

The prototype test loop (201-001) w i l l  be used for determining the design and modifi- 
cation requirements for low -cycle fatigue testing. Further discussions pertaining to 
this test loop are presented in Section 3.2.2.1. 

Test loop 201-005 w i l l  be retained i n  the unirradiated condition and w i l l  be modified 
later for low-cycle fatigue testing. Further discussions pertaining to this test loop 
are presented i n  Section 3.2.2.2. 

It was init ial ly planned to use test loops 201-002 and 201-004 for the tensile test 
program since loop 201-003 was the least radioactive of the three. However, leaks were 
detected in the test loops (see Section 3.9.2.1) and loop 201-003 w i l l  be used for 
the tensile test program. One of these three loops w i l l  be modified for low-cycle 
fatigue testing subsequent to procedure development and modification of loop 201-005. 

Test loop performance during this reporting period relative to the test program i s  sum- 
marized as follows: 

(1) Test loop 201-002 was not used due to leaks which are yet 
to be repaired. 

16 



(2 ) 

(3) 

3.2.1.3.2 

Test loop 201-003 has been prepared for in i t ia l  flux mapping 
and subsequent tensile testing. 

Test loop 201 -004 was used successfully for out-of-pi le 
temperature correlations and wi l  I be used for forthcoming 
in-pile temperature correlations. 

Test Loop Head Assemblies 

The three irradiated head assemblies (201-007, 201-008, and 201-010) are currently 
not available for use in  the in-pile test program due to various leaks which have 
not yet been repaired (see sections 3.2.1.2.1 and 3.8.2.2). This requires placing 
into service the three unirradiated head assemblies. 

Test loop head assembly performance during this reporting period relative to the 
test program i s  summarized as follows: 

Head assembly 201-007 not available due to leaks which 
must be repaired. 

Head assembly 201-008 not available due to leaks which 
must be repaired. 

Head assembly 201-010 not available due to leaks which 
must be repaired. 

Head assembly 201-006 installed on test loop 201-004. 

Head assembly 201-009 on stand-by ready for use, 

Head assembly 201-01 1 installed on test loop 201-003. 

Qualif ication of Test Loop Head Assembly Organic Seals 

The requirements for specimen change in  the test loop are met with the removable 
head technique. This requires the use of seals to isolate the static helium refrig- 
erant, under pressure in the head assembly, from the cooling water. Organic 
seals are currently being used for this application and have performed satisfactorily 
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for 1017 n/cm2 (E >0.5 MeV) irradiations, but there i s  no assurance that they w i l l  
retain their sealing characteristics for 1018 n/cm2 (E )0.5 MeV) irradiations. 

An investigation, commencing with reactor cycle 39P, w i l l  be conducted to qualify 
these seals for the longer tests in-pile. Seals w i l l  be qualif ied by actual service, 
first for 3 x lOI7 n/cm2, then for 6 x 1017 n/cm2, and f inal ly for 1 O I 8  n/cm2. 

3.2.2 Fatigue Test Loops 

Low-cycle, axial tension-compression fatigue tests are to be performed using existing 
tension-compression test loops. The original specifications to which the existing 
test loops were bui l t  required that they be capable of exerting tensile or compressive 
loads, but not both in  a cycl ic manner. These test loops w i l l  require considerable 
analysis and modification before reliable test data can be obtained. Preliminary 
analysis of the alignment requirements indicate that good specimen alignment wi II 
be necessary to yield interpretable test results. The existing self-aligning features 
in  the loading linkage must therefore be eliminated. 

3.2.2.1 Design 

An experimental determination of the alignment of load application both i n  tension 
and compression has been init iated using the prototype tensile test loop (201-001) 
without the self-aligning features. The major components of the test loop under 
consideration are shown in Figure 6. 

3.2.2.1 . 1  Structural Member 

The structural member installed in the test loop, as shown in  Figure 6, acts as a 
column directing the loads that occur during insertion into the carriage trunnion and 
i s  also the assembly which supports the specimen loading actuator. The load applied 
in the test specimen i s  transmitted through the head assembly back through this mem- 
ber to the actuator. The load resulting from testing i s  distributed peripherally and 
transmitted eccentrically into the member. During a preliminary determination of 
the alignment problem, loads were applied by the actuator to this assembly and a 
peripheral displacement was measured. The maximum displacement occurred at 
4.37 inches af t  of the forward mounting flange and was 0.019 inch at 4400 pounds. 
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To reduce this deflection, various concepts for stay braces were developed and tem- 
plates were fabricated to establish installation feasibility . The concepts incorpora- 
ting greater inherent stiffness could not be used due to interferences with the helium 
refrigerant line and instrumentation tubes. As a consequence the segmented assembly 
as shown in  Figure 7 was developed and installed. After installation the member 
was again loaded and maximum peripheral displacement of 0.006 inch at 5000 pound 
load occurred 2 .O inches aft of the forward end. 

Additional changes w i l l  be made in  an effort to reduce this distortion as much as 
possible as well as to determine the magnitude of misalignment i n  the loading linkage 
as a result of the elimination of the self-aligning features. 

3.2.2.1.2 Lost Motion i n  Pull Rod Linkage 

The lost motion i n  the pul l  rod linkage in  the test loop was necessary information to 
assist in determining the hydraulic power supply capacity required for the fatigue 
testing. This was measured at two different loads as indicated below: 

Load on Movement of Movement at Front Movement at Front 
Dynamometer Cylinder Rod of Dynamometer Ring of Eye Bolt 

35001 
1 ooo# 

3.2.2.1.3 

.090" 

.030" 

Hydraulic Actuator Seals 

.058" 
022 

.038" 

.010" 

During cyc ... i g  with a preliminary control system (see sectIan 3.4), the "0" ring 
type seals in  the hydraulic actuator of the prototype test loop started to fa i l  
ini t ial ly after 1800 cycles and were replaced at about 2000 cycles. An undeter- 
mined amount of wear had occurred previously in  these seals since nearly a l l  of the 
out-of-pile portion of a previous test program was performed using this cylinder. 
Over 1400 cycles have now been made on the cylinder with new seals. The load 
during most of these cycles has been 3500 and 4400 pounds on the dynamometer. 
The maximum anticipated load during the fatigue testing program i s  less than 3500 
pounds, but the seals w i l l  be subjected to 10,000 cycles. Further testing w i l l  be 
performed to qualify the seals for the test program. 
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3.2.2.2 Modification 

After completion of the fatigue test loop modification requirements and detai I 
design (section 3.2.2.1), i t  i s  planned to modify tensile test loop 201-005. 
During this modification, procedures wi l l  be developed for similar modification 
of one of the radioactive tensile test loops. 

3.3 REFRl GERATION SYSTEM 

Test location temperature control i s  provided by a closed cycle helium refrigerator 
with an electrically driven positive displacement compressor, a counter-flow heat 
exchanger and four reciprocating expansion engines. The refrigeration system was 
designed and bui l t  for this application and was warranted to be capable of main- 
taining any temperature between 30°R and room temperature i n  the test location 
of the test loops. The refrigeration system has a rated capacity of 1150 watts with 
a manifold temperature of 30°R. 

3.3.1 Design 

A schematic of the refrigeration system i s  shown in  Figure 8. 
imately 50 psia) helium gas i s  drawn into the suction side of a two stage positive 
displacement compressor and compressed to 300 psia . The heat of compression i s  
removed by water cooling after each compression stage. The helium gas at 300 psia 
and 540°R passes through an extended surface counter flow aluminum heat exchanger 
capable of a 600 Ib/hr flow with a duty rating of 410,000 BTU/hr. With the 
refrigeration system operating at 30°R, the helium gas leaves the high pressure side 
of the heat exchanger at approximately 37OR and 296 psia. The cold gas enters the 
expansion engines where i t  i s  expanded to 53 psia. These engines are coupled i n  
pairs to crossheads which drive oi l  pumps which absorb work from the system to allow 
adiabatic gas expansion. The design specifications for the expansion engines are 
given below: 

Low pressure (approx- 

Mass Flow (Total) 
In let Temperature 
Out I et Temperature 
Piston Displacement 
Engine Speed 

520 Ib/hr 
37'R 
2 4 O R  
7.93 ft3/min 
340 RPM 
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The heat exchanger and each pair of expansion engines are mounted in  evacuated 
shells f i l led with powdered perlite to provide insulation. 

The refrigerated gas leaving the expansion engines i s  transferred through vacuum 
insulated flexible lines to the test location i n  the tensi le-compression test loop. 
After passing through the test chamber, the gas i s  returned through a manifold to 
the low pressure side of the heat exchanger and then back to the compressor 
suction side. A line heater of 2500 watt capacity i s  located i n  the inlet manifold 
and a 100 watt trim heater i s  located i n  the manifold at the inlet of each set of 
transfer lines to allow operation of the system at  any temperature between 30°R and 
room temperature. 

3.3.2 Modification 

The refrigeration system was recently overhauled (reference 2) during which time 
minor modifications were made to increase system performance and rel iabi l i ty for 
long term tests. 

Although no additional modifications to the refrigeration system are presently planned, 
one problem area does exist. One set of the helium transfer lines has sustained a leak 
i n  the flexible section of the line. This leak i s  from the inner bellows-like tube into 
the evacuated volume and i s  of such magnitude that the heat leak through the lines 
i s  much greater than the allowable 100 watts. This pair of lines i s  useless i n  the 
in-pi le operation because the leak reduces the available refrigeration capacity for 
a test loop. In addition to this malfunction none of the valves i n  the valve chest 
assembly which are used for isolation of the test loop from the transfer lines operate 
properly; thus, operation of the manual extension valves i n  the refrigerator manifold 
i s  necessary to reduce the gas flow through the test loop. This tends to warm the 
transfer lines as well  as the test loop during a specimen changing operation, requiring 
additional refrigeration capacity and time to cool a test loop after a specimen i s  
changed. A modification to the valves i n  this valve chest assembly allowing them 
to seal better as well  as making them more accessible for valve repair would reduce 
turn-around time between specimen changes and naturally increase the beam-port 
ut i l izat ion factor. 

3.3.3 Performance 

During the major overhaul period (reference 2), the refrigeration system was tested to 
establish its capacity a t  various temperature levels. The tests were performed by installing 

(2). Summary Report, NASA CR-54770. 
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a calorimeter which consisted of a thermally isolated electrical resistance heater 
in  place of the test loop. With this type of installation, the heat leak from the 
transfer lines and calorimeter enclosure can be determined and the available 
refrigeration for removal of the heat leak i n  the test loop and gamma heating 
can be established by measuring the wattage of the calorimeter heater while 
maintaining a constant return manifold temperature. 

The results of the tests which were performed at  30'R, 150'R, and 340'R at  the 
return manifold indicate that 900 watts, 2135 watts, and 2325 watts respectively 
were available at  the conditions of the test. 

These conditions were nominal testing conditions which would approximate those 
used i n  performing actual nuclear-cryogenic tests. The AT measured at the test 
loop sensors was 4.4'R, 10.7'R and 38.2'R when refrigerating at  30'R, 150°R, 
and 340'R, respectively. 

This  increase was anticipated after determining the mass flow characteristics of 
the system. I t  i s  also recognized that this AT can be reduced by judicious appli- 
cation of system controllable heater loads thereby reducing the AT at the test 
specimen. 

In addition, a test to determine the characteristics of the system at 540'R was per- 
formed indicating that the system can be used at this level, with diff iculty, to 
dissipate gamma heating loads. The actual values are not shown because the 
system was operated with only two expansion engines and at a low rpm which pro- 
vided a result which does not appear compatible with the other data; however, 
the 1005 watts measured i s  reasonable i f  the conditions are related to the nominal 
operating character i s t i  cs . 
The results of the tests are shown in  Figure 9 as determined by using theoretical 
heat exchanger requirements and previously measured transfer l ine heat leak. 

3.4 LOAD CONTROL SYSTEM 

The existing load control system for the tensile test loops i s  an electro-hydraulic 
system using demineralized water as the working fluid. The hydraulic power supply 
and the instrumentation and data recording components are located i n  the quadrant 
and on the grating at the 0 foot level. The test loops, i n  turn, have permanently 
installed components and instrumentation (a hydraulic cylinder, dynamometer, and 
extensometer lead lines) which are included as part of the load control system. 
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3.4.1 Tensile Test Loop Load Control System 

3.4.1.1 Design 

A schematic o f  the tensile test loop load control system i s  shown i n  Figure 10. 

3.4.1.2 Modification 

Major modification of control system i s  anticipated and this modification i s  to be 
described in detail in section 3.4.2. 

3.4.1.3 Performance 

No serious difficulties have been encountered with the existing control system 
during tensile type testing over a period of several years. 

3.4.2 Fatigue Test Loop Load Control System 

The low-cycle fatigue testing requires that the existing load control system be 
completely revamped. The high applied stress levels (up to 90% of the ultimate 
tensile strength) of the tests require special regard to accuracy of measurement 
and control of the applied load. There i s  also the requirement of a cycl ic rate 
which i s  variable from 5 cpm up to the limitation of the system. Other require- 
ments include the abi l i ty  to maintain constant cycl ic rate, the abi l i ty  to stop a 
test automatically on failure of the specimen, a means for measuring maximum 
and minimum tensile and/or compressive stress, and means for indicating the num- 
ber of cycles. Also, a sinusoidal, or nearly sinusoidal , stress versus time load 
must be applied to the specimen to reduce impact-type effects and to reduce the var- 
iables of  the experiment. Another requirement i s  that the maximum stress i n  a given 
cycle be programmed in  such a way as to minimize the chance for buckling under 
compressive loading and again to reduce the variables of the experiment. These 
requirements dictate the required pumping capacity of the fatigue actuator hydraulic 
supply system. 

3.4.2.1 Design 

A closed loop electro-hydraulic servo system w i l l  be used to meet the fatigue test loop 
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control system requirements. The servo approach can be relied on to meet the 
requirements more reliably and more economically than any other approach and 
at the same time to provide a high quality universal testing system, applicable 
to tensile testing as well  as fatigue testing. 

Equipment i s  available commercially for this approach and the buckling under 
compressive loading can be minimized by increasing the amplitude of the load 
versus time plot linearly over approximately 100 cycles at  the beginning of the 
cycl ic loading. A schematic of the system i s  shown in  Figure 1 1 .  

The complete system has many inherent features and capabilities which are not 
essential to  meet the present requirements. Some of  these are completely contained 
while others would require minor modifications or added modules. System changes 
w i l l  not be required to convert from a static tensile tester to a fatigue tester or 
vice-versa. Only  the command signal w i l l  require consideration which i s  a matter 
of electrical selection. For tensile testing with load control, a l inearly increasing 
command w i l l  al low the test to be performed at  constant rate of load application. 
Loading rate w i l l  be proportional to the slope of the linear command and this slope 
w i l l  be variable. Modular additions i n  the command circuit w i l l  al low loading 
functions other than linear to be uti l ized. By attaching an extensometer to the 
test section of the specimen and using the extensometer for feed-back, the tensile 
tests can be performed at  constant strain rate. Change i n  strain rate can be accomp- 
lished i n  the same manner previously described for changing load rate. Relatively 
high rates are possible with the proposed system. 

As described above for tensile testing, fatigue tests could also be performed with 
either load control or strain control with the addition of a suitable strain transducer 
on the test specimen. Consequently, fatigue testing could be performed at  constant 
strain amplitude while recording change i n  load amplitude. Conversely strain 
amplitudes could be recorded while testing at  constant load amplitudes. Also, 
there i s  infinite variabil ity of load or strain ratio. With the function generator 
specified, the load form can be selected as sinusoidal, square or sawtooth. All 
components are capable of high response with potential for cycl ic rates i n  excess 
of twenty-five cycles per second. Modular additions w i l l  al low random, or ordered 
spectral type loading or straining. 

The fact that the test loop actually must be operated with deionized water rather 
than a petroleum-base hydraulic f lu id to avoid possible contamination of the reactor 
primary coolant water complicates the requirements in  that a hydraulic servo control 
system made from stock components cannot function rel iably with water. This means 
that a two-fluid system must be used. Even though the operational principal i s  the 
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same as that described herein there are complexities which result from the need 
for fa i l  safe controls, and a two-fluid hydraulic system. These two necessities 
impose the most rigid, and possibly the most dif f icult  requirements, of the whole 
equipment modif i cat ion . 
An electrical command signal proportional to the desired specimen load i s  applied 
at the summing junction. Since as yet there i s  no feed back signal at the summing 
junction, the entire command signal i s  amplified by the servo amplifier. The 
amplified signal, in turn, displaces the electro-hydraulic servo valve spool which 
allows f luid to enter the actuator and apply load to the specimen. A feed back 
signal i s  then generated by a transducer contained i n  the load cell. This feed back 
i s  summed with the command which reduces the signal to the servo amplifier. Once 
the load proportional to the command signal i s  reached, the servo amplifier signal 
has vanished and the desired load i s  maintained unti l  the command i s  changed. If, 
instead of a steady command, a varying command i s  induced, the specimen w i l l  be 
subjected to proportional load variations. 

Input demand signal to the system wi II be from a low frequency function generator. 
This generator w i l l  give an output sinusoidal wave variable i n  frequency over a 
range of .01 cps to 1000 cps. Other wave shapes (square and triangular) are also 
available by switch setting. 

A signal conditioning circuit i s  provided which w i l l  al low the output amplitude 
of the function generator to be linearly controlled by a ramp function to a pre- 
calculated value. The ramp function w i l l  be employed at the beginning of each 
test and w i l l  continue for 100 cycles at  which time the desired constant load amp- 
litude wi l l  be reached and maintained for the test duration. Such signal conditioning 
wi I I be provided to standardize test start procedures and thus minimize uncontrolled 
variables such as in i t ia l  misalignment or buckling of  the test specimen application 
of the load. An over-ride switch w i l l  be provided on the Signal Conditioner to 
permit system set-up and operation when the linear varying amplitude input (ramp) 
signal i s  not required. 

A servo valve controller equipped with a differential transformer conditioning module 
w i l l  be utilized. The conditioning module permits both feed back control and load 
monitoring to be accomplished using the signal from a single differential transformer. 
Consequently, changes in the existing load ce l l  (dynamometer) are not required. 

The controller has error detectors which actuate warning lights and fai l  safe by-pass 
valves which either dump pressure or lock the system when the specimen fails. The 
error detector also protects the specimen from Ioverload i n  the event of system mal- 
function inasmuch as by-pass valves are opened as a function of error voltage magni- 
tude. 
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The error detector voltage w i l l  be additionally employed to de-energize an electro- 
magnetic counter which w i l l  count the command signal and, hence, the number of 
load cycles applied to the specimen. Upon specimen failure, error voltage magni- 
tude w i l l  actuate a latching relay which interrupts the power to the electro-magnetic 
counter. The counter retains the total number of cycles accomplished prior to failure. 

In addition to error detectors and feed back signal conditioning, the servo controller 
i s  composed of additional electronic circuitry in the form of an error amplifier, valve 
amplifier, demodulator and stability network. 

The servo valve works directly with the servo controller and i s  a pilot-operated closed 
center, four-way sliding spool valve in which the output flow to a constant load i s  
proportional to electrical input current. I t  w i l l  operate with normal petroleum base 
hydraulic oil, the supply of which wil l be furnished by a new hydraulic power supply. 

The o i l  actuator wi l l  be of the double-ended type which operates with petroleum base 
hydraulic fluid. It w i l l  mechanically couple with the shaft of a second actuator, 
operating with water, and of the type i n  the existing test loops. This arrangement 
furnishes water pressure to the test loop actuator and eliminates the possibility of 
contaminating the primary coolant water, as shown in  Figure 12. Motion of the o i l  
actuator forces the water actuator piston to move and this motion i s  transmitted 
hydraulically to the test loop actuator. Each of the water lines w i l l  be connected 
to the water source through a check valve and a pressure regulator valve. Water 
leakage losses w i l l  be made up on the low pressure side of the test loop actuator, 
alternately each half cycle. 

The test loop actuator i s  the actuator that applies a load to the specimen. The dyna- 
mometer i s  connected mechanically in series with the actuator rod and the specimen. 
This device i s  the feed back component used to nul l  the demand signal. It i s  also 
employed to monitor the load excursions. 

The control system purchase order has been let for delivery by the end of January 1966. 
Upon delivery, the system wi l l  be installed i n  the reactor containment vessel. 

The magnitude of the changes required to convert a tensile test loop into a low cycl ic 
rate fatigue type of test loop was not ful ly known at the init iat ion of the program. 
Therefore, it was decided to assemble a preliminary control system as shown in  Figures 
13 and 14, capable of exerting alternate tensile and compressive loads on test speci- 
mens. This system i s  not servo controlled and therefore does not apply the load in  the 
proposed sinusoidal manner but i s  still capable of providing information concerning 
test loop modifications which i s  needed in  the interim periods before the system des- 
cribed above i s  to be operating. The hydraulic power supply, using deionized water, 
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for this system has been the 2.5 gph diaphragm type pump normally used to supply 
the water to pressurize the beam port seals. 

Since this pump wi l l  be needed for the tensile testing phase of the contract, another 
diaphragm type pump has been ordered and w i l l  be ut i l ized for additional preliminary 
development work as soon as i t  arrives. It w i l l  be integrated into the preliminary 
control system for use as required until the final control system arrives at which t ime 
i t  w i l l  serve as a spare unit for the seal water pressurizing system. 

3.5 TRANSFER SYSTEM 

To permit insertion and withdrawal of the test loops at the beam port and the hot cave, 
a special transfer system i s  installed in  Quadrant "D" of the Plum Brook Reactor Facil ity. 
The location of this system with respect to the reactor beam port HB-2 and the speci- 
men change hot cave i s  shown in  Figure 1 .  All of the transfer equipment i s  hydraulically 
powered (demineralized water as the working fluid) and operates under some 20 feet 
of quadrant water. 

This  transfer system w i l l  be used throughout the test program both for tensile testing and 
for fatigue testing. 

3,5.1 Design 

A schematic of the transfer system i s  shown i n  Figure 15. The system includes two 
base tables, fastened to the floor of Quadrant "D", on which are located translating 
tables capable of movement i n  the east-west direction. On each of the translating 
tables there are three sets of tracks on which specially designed carriages travel to 
transfer the test loops to the desired location. The lateral east-west translation of 
the transfer tables allows the positioning of any track i n  proper alignment with the 
beam port or the hot cave port for insertion of the test loop. The north table, 
associated with the hot cave, has the additional capability of rotation through 180' 
to enable insertion of the forward end of the test loop into the hot cave. The actu- 
ating force for this translation and rotation i s  provided by a lOHP hydraulic pump, 
using demineralized water as the working fluid. Mechanical stops are situated at 
the limits of table travel and movable mechanical stops are so located to insure 
accurate positioning of the tracks for beam port and hot cave insertion of the test loops. 
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Each of  the carriages which hold the test loops travels on grooved wheels on the 
table tracks. They are moved on the tables by a hydraulically operated rack and 
pinion gear actuated by a hydraulic cylinder which i s  driven by the lOHP pump. 
By suitable manipulation, the carriage may be placed on any track of the tables 
and positioned i n  front of either the beam port or the hot cave. Limit switches 
located on fhe tables are tripped by actuators on the carriages and indicate car- 
riage locations on the tables by means of lights on the control console. Mechan- 
ical  stops l imit carriage travel on the tables. 

After a carriage i s  positioned i n  front of the beam port or hot cave, i t  i s  advanced 
and coupled to the port. Both the beam port and the hot cave port are protected 
by 6 inch gate type valves. On the quadrant side of each valve there i s  a chevron 
seal to prevent water f low past the loop during operation. The valves are inter- 
locked with l i m i t  switches to prevent opening unless the test loop i s  i n  position 
in  the chevron seal to block flow. After coupling the carriage to either valve, 
the loop i s  advanced into the beam port or hot cave by a high torque hydraulic 
motor driven by the lOHP pump. The torque i s  translated from the motor shaft 
to a lead screw through a worm-worm gear connection. This lead screw i s  coupled 
to a yoke assembly on the carriage which supports the aft end of the test loop. 
As the lead screw advances the test loop, l imit switches on the carriage indicate 
the loop position by lights on the control panel. A mechanical stop precludes the 
possibility of inserting the loop into HB-2 to a point which w i l l  restrict the coolant 
passage between the forward end of the loop and the gamma shield. The test loop 
drive system, during an insertion into the beam port, must overcome both the pri- 
mary coolant pressure of 125 psi and systematic frictions. This requires a thrust 
force of over 4000 Ibs . 
Limit switches and mechanical stops have been installed at a l l  places necessary to 
insure safe operation of the transfer system. 

3.5.2 Modification 

After installation of a new beam port shield i n  the HB-2 beam port, internal measure- 
ments of the shield indicated that the carriage assemblies manual stop as well  as the 
l imit switch which determines the "full-forward" position of the test loop i n  the beam 
port had to be re-located to allow 0.25 inch additional test loop insertion which i s  
permitted by the internal dimensions of the new shield. This has been done and re- 
alignment of the transfer system has been completed. Further modification of the 
transfer system during the test program i s  not anticipated. 
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3.5.3 Performance 

Pre-neutron procedures were performed using test loop 201-003. These procedures 
were witnessed and approved by NASA Plum Brook Reactor Faci l i ty personnel. 

With installation of the new beam port shield, the throttling arrangement of the 
shield cooling water was changed in  such a way as to increase the water pressure 
within the shield from 125 psi to about 150 psi. This change increases the force 
on the end of the test loops and thus requires additional thrust to drive the test loop 
into the beam port. 

There i s  a limitation of 550 psi, imposed by the NASA Plum Brook Reactor Facility, 
on the carriage drive motor hydraulic pressure which, with the increased back force 
on the test loop, i s  just sufficient to drive the loops into the beam port when the 
carriages are i n  top operating condition. An increase in  the limitation to 750 psi, 
which i s  well below the design pressure of 1000 psi, would be sufficient to drive 
the loops without excess down-time to maintain the carriages in  top condition. 

3.6 SAMPLE CHANGE EQUIPMENT 

Due to the high activi ty level of the test loops after several in-pile exposures, 
remote handling techniques are required for changing specimens or routine loop 
maintenance, To provide operator shielding during work on the test loops, a hot 
cave was installed outside the wall of Quadrant ”D” with the access port on a 
radial line with HB-2. 

3.6.1 Design 

The hot cave (Figure 16) i s  located on the minus %foot level directly in  front of 
the external center pool port i n  quadrant ’ID”. This port i s  straight across the pool 
from the HB-2 beam port, which i s  used in the test program. The walls of the cave, 
wi th  the exception of the front, are of high density concrete, thus minimizing space 
requirements consistent with minimum cost, and reducing interference with experi- 
ments that might be conducted in  adjacent beam ports. Since the working space be- 
tween the front wall of the cave and the containment vessel i s  limited, the front 
wal l  i s  a steel structural assembly f i l led with lead shot. The hot cave structure sup- 
ports and houses the miniature Model 8 manipulators and the lead glass viewing 
window. Interior illumination i s  provided by high intensity mercury vapor lamps 
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located within the hot cave. 
than 80 mi I ligrams .) 

(The quantity of mercury that i s  i n  the lamps i s  less 

A drain system removes any water that may leak from the pool during transition 
of the test loop through the entrance port, and warm waste materials generated 
during decontamination activities. This waste material i s  held in  a hold tank 
located within the cel l  unti l such t ime as i t  may be pumped into the building drain 
system. To further a id  i n  decontamination, the interior o f  the hot cave i s  coated 
with a chemically resistant, phenolic base, paint which is,  i n  turn, covered with 
a polyvinyl strip coat. The ventilation system i s  self-contained and i s  not con- 
nected to the building system. The air i s  f i l tered through an in le t  f i l ter, a roughing 
filter, and an absolute fi l ter to eliminate any radioactive contamination, and i s  
vented to an exhaust stack. When the cei l ing block i s  i n  position, the ventilation 
system maintains a normal air flow of 80 cfm through the hot cave. When the 
cei l ing block i s  removed, the air velocity through the opening i s  75 ft. per minute. 
When the ceil ing block i s  in  i t s  nested position a negative pressure differential i s  
maintained inside the cel l .  

Following installation and during the in i t ia l  performance of a screening test pro- 
gram, the external surfaces of the hot cave were monitored by the Health Safety 
Of f ice during each insertion of an irradiated test loop. Since the principal gamma 
source i n  an irradiated test loop i s  Mn56, this practice was discontinued after the 
loops received sufficient in-pile exposure to saturate the contained manganese. 

The hot cave effluent gases are monitored at intervals for possible radioactive 
release through a particulate f i l ter. In no instance during normal hot cave opera- 
t ion has a significant discharge been detectable. 

3.6.2 Modification 

N o  modifications to the hot cave are anticipated during the performance of this test 
program. 

3.6.3 Performance 

N o  serious difficulties have been encountered i n  operating the hot cave. 
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3.7 MISCELLANEOUS TEST EQUIPMENT 

Although the hot cave has been used successfully for minor re airs i n  the forward 
section of test loops, major overhaul and maintenance work on the af t  portion of 
the test loop cannot be a c c o m p l i i r  
removal of the test loops from the containment vessel to the hot laboratory area, a 
lead f i l l e d  stainless steel cask (Figure 17) i s  available. This steel cask was bui l t  
to provide adequate shielding of irradiated test loops during transfer to the hot 
laboratory area or during storage outside of the quadrant. The thickness of lead 
at the activated end of the test loop i s  8 inches. The shielding integrity of the 
cask was demonstrated by moving an eleven curie cobalt-60 source longitudinally 
through the central axis of the cask while monitoring the exterior surfaces. A 
manually operated clam-shell l i f t ing device inside the containment vessel permits 
the insertion of an irradiated test loop into the cask using quadrant water as a 
biological shield during loop manipulation. A similar, but remotely operated, 
l i f t ing device i s  available to facil i tate loop handling i n  the hot laboratory area. 
After placement i n  the lead f i l led cask, the irradiated loop can be removed from 
the containment vessel through an airlock penetration of the vessel wall without 
compromising vessel containment, A special bridge over Canal "E", inside the 
containment vessel, and a special cart outside the vessel facil i tate transfer of 
the cask through the air lock penetration. 

. .  

During this reporting period, numerous test loop transfers between the reactor 
quadrant and the hot handling area have been made. The cask has been used for 
this purpose as well as providing shielding in  the hot handling area during certain 
phases of test loop inspection and repair. 

3.8 TEST EQUIPMENT MAINTENANCE AND CALIBRATION 

During this reporting period a maintenance and calibration program was instituted 
i n  coordination with the requirements of the Plum Brook Reactor Facil ity. Also, 
during this reporting period a number of unanticipated diff iculties arose due 
mainly to helium leakage in  the test loops. 

3.8.1 Maintenance and Calibration Schedule 

A maintenance schedule was established for the refrigerator system, the test loops 
and transfer equipment during a recent major maintenance program .(2) These 

(2). Summary Report, NASA CR-54770. 
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schedules were predicated upon recorded operational history of the system prior 
to the initiation of the maintenance effort. Where recorded operational time 
histories had been maintained these were used to determine mean time between 
failure and a limited rel iabi l i ty  evaluation was performed. The results were used 
to develop periodic maintenance schedules by relating reasonable rel iabi l i ty  I _ _ ~  . .  

-- uri prneni Operation during a typical irradiation test cycle. 

A cycle i s  defined as follows: 

. Insertion into hot cave for specimen installation. 

. Removal from hot cave after specimen instal lation. 

. Insertion into beam port for test irradiation. 

. Withdrawal from beam port after completing test, and 
positioning the loop for insertion into the hot cave for 
specimen change-over . 

The operation of various equipment versus time in such a cycle i s  shown i n  Figure 
18, and the periodic expansion engine maintenance schedule, so developed, i s  
shown in  Figure 19. 

Six expansion engines are available for use in  the refrigerator system. The normal 
application requires four of these engines to be installed i n  the system and two are 
maintained as spares. The total accrued time on these engines since installation 
of the refrigerator system at the reactor site i s  as follows: 

Engine No. 1 

September 20, 1965 

5417.7 hrs. 

Engine No. 2 5329.5 hrs. 

Engine No. 3 4163.0 hrs. 

Engine No. 4 3532.4 hrs. 

Engine No. 5 4389.5 hrs. 

Engine No. 6 3296.1 hrs. 



1 
-i 
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The system was recently overhauled and the engines were used to provide refrigera- 
tion to various parts of the system for low temperature evaluation and to perform 
calorimetric tests on the refrigerator system to provide refrigeration capacity at 
various temperature levels. More recently the system has been used to establish 
operating criteria for the forthcoming test program. 

No. 1 and No. 2 pods have been operated for 63.7 hrs. and 85.4 hrs. respectively. 
The engines i n  pod No. 2 have been changed once. The reason for the change was 
the collection of moisture i n  the engine and on the valve faces causing degradation 
of refrigerator capacity . 
The other equipment i n  the test system does not have recorded operating time histories 
but the records indicating the number of times the equipment has been used in  tests 
were maintained. As a result the schedule i n  Figure 20 was developed using cycles 
of operation as the parameter. 

Limitations in  rigorously applying schedules are defined and include such items as 
correlating quadrant maintenance with draining schedules and refrigerator main- 
tenance with down periods of the reactor. The schedules shall be applied so as 
not to interfere with normal reactor or test operations. 

Maintenance logs, containing forms, compatible with these maintenance require- 
ments have been devised to provide an easily accessible indication of forthcoming 
maintenance requirements. 

3.8.2 Repairs And Adjustments 

3.8.2.1 Tensile Test Loops 

The temperature correlation program for tensile tests was in i t ia l ly  intended to be 
performed in  test loop 201-004 but excessive heat load at 30°R indicated a leak i n  
the test loop. The test loop was removed to a position over the hot dry storage area 
i n  the Hot Materials Laboratory for repair. Subsequent investigation indicated a 
leak in  the front face of the evacuated chamber at the forward bulkhead. Another 
leak was detected i n  the front bearing housing which supports the forward end of the 
actuating rod. Both of these leaks were repaired but the thermocouple extension 
leads were damaged in  the process. A thermal shock and subsequent soaking of the 
helium chamber i n  the test loop in LN2 indicated that the leaks into the evacuated 
annular space were eliminated. Minute leakage was indicated, however, in  the 
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bellows assembly (see Figure 6) which provides a seal between the helium and the 
cooling water while sti I I allowing the actuating rod to traverse. This leakage was 
repaired by the use of soft solder over the affected area. Another thermal shock 
with LN2 and subsequent actuating of the bellows for 20 cycles produced no leaks 
discernible by the helium leak detector. The thermocouple leads were replaced 
in  the loop and the out-of-pile temperature correlations were performed with this 
loop. 

Test loop 201-002 was prepared for the temperature correlation tests as soon as diff i- 
culties were encountered i n  test loop 201-004. A temperature correlation with the 
platinum resistance thermometer package was performed with the loop but i t  was 
noticed that a leak into the evacuated annular space developed at 30°R as indicated 
by a rise in  pressure on the thermocouple gage used to monitor the vacuum i n  the 
helium transfer lines in  the test loop. Th is  leak closed as the refrigerator temperature 
was raised to about 70°R. Several cycles verified this phenomena. No further testing 
was performed as the loop was removed to the Hot Materials Laboratory for further 
investigations. Leakage i n  the front section of  the evacuated chamber i n  the forward 
end of the bulkhead was detected and repaired. Leakage in  the bellows similar to 
that found in  test loop 201-004 was also repaired and the test loop appeared to be 
leak free. A LN2 thermal shock and soaking for more than 2 hours has now shown 
that leakage exists i n  one of the helium transfer lines. The leak apparently i s  located 
at the aft weld joint between the bellows and the inner helium transfer line. Methods 
of repairing this leak are sti l l  being investigated. 

The discovery of leaks i n  the actuating rod bellows assembly on test loop 201-002 
and 201-004 prompted a check on test loop 201-003. It was thermally shocked and 
soaked i n  LN2 and a subsequent check with the helium leak detector disclosed a leak 
i n  this bellows also. Since the leak detector indicated that a l l  of the leaks i n  the 
bellows were minute, the bellows was immersed i n  water and internally pressurized 
with helium at 35 psi to ascertain i f  visual leakage in the form of bubbles could be 
determined. There was no leakage evident. 
age was so minute that no difficulties would be encountered i n  the use of this loop 
for in-pi le testing. 

It was therefore decided that the leak- 

Since test loop 201-002 has not been repaired to date, test loop 201-003 w i l l  be 
used for the in i t ia l  flux measurements i n  HB-2 as well  as the ensuing test program. 

3.8.2.2 Test Loop Head Assemblies 

In the interest of getting a l l  equipment ready for resumption of an in-pile test program, 



irradiated test loop head assembly 201-007 was made ready for re-evacuation with- 
out incorporating the blank-off cup in  the nuclear instrumentation tube. During 
the leak check at a temperature of 375OF, however, a leak in  the bellows was 
discovered making further evacuation unfeasible. Since head 201-008 was already 
known to have a leak in  the bellows assembly and a blank-off cup has not been 
successiuiiy welded into head 201-010, the three irradiated head assemblies cannot 
be used unless a method of repair i s  found. 

A study i s  presently underway to try to repair head 201-010 while another study to 
determine the cause of failure in the bellows assembly i s  also being carried on. 
A cask shown in Figure 21 i s  being fabricated to transport test loop head assembly 
201-010 to Lockheed-Georgia Nuclear Laboratories for repair o f  the hole i n  the 
nuclear instrumentation tube. 

_ _ . ~  

3.8.3 Corrosion of Test Equipment 

A number of problems which have come to light during this reporting period can be 
attributed to corrosion. 

The aforementioned leakage i n  the actuating rod extension bellows i s  accessible 
and appeared at or near the peripheral weld in  the bellows assemblies. Such 
leakage, although minute now, i s  serious i n  that i f  i t  should become more extens- 
ive, i t  would a l low leakage of helium into the quadrant water or primary water 
into the helium gas when the test loop i s  inserted into the beam port. 

Also, the bellows i n  the head assembly, which reduces thermal stress due to differen- 
t ia l  thermal expansion in  the head, have shown leaks, Although these could not be 
located exactly and the cause of these leaks has not been established, the bellows 
are of the same construction as the actuating rod bellows and so may be subject to 
similar failure. 

The dynamometer load rings, which are machined from a nickel bearing steel and 
nickle plated, show a pitt ing type of corrosion which was not sufficient to affect 
the load ring characteristics but which i s  important because of the apparent corrosion 
problems which have appeared more recently. The corrosion products from the load 
ring may accelerate corrosion elsewhere i n  the loop. 

Because of the seriousness of the problems, and because first inspection indicated 
that the leaks i n  the extension bellows probably resulted from corrosion, a corrosion 
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engineer with broad experience i n  this speciality, was called in  from the Lockheed- 
Georgia Company for an opinion on the cause. The conclusions of what could be 
done to correct the problem temporarily without replacement of the bellows which 
would cause a long delay i n  the use of the loops, and what could be done to pre- 
vent re-occurrence of this trouble are as follows: 

The intermittent immersion in  deionized water to which 
the bellows are subjected i s  a very severe corrosive 
condition which no stainless steel, particularly thin gage 
and welded, can be expected to withstand for long periods 
of  time. The passivating oxide layer which stainless steels 
require for corrosion protection may break down even with- 
out galvanic action and corrosion may be intensified by the 
presence of  corrosion products from other sources, such as 
the dynamometer proving ring. 

The leaks in the bellows assemblies should be expected to 
become more extensive with time since the environment 
cannot be changed. 

Soft solder of the bellows with special care to not leave a 
flux residue, which would contain chloride ions that induce 
stress corrosion, would be a satisfactory temporary measure 
for eliminating leaks as they appear. 

The bellows assemblies should be replaced as soon as possible 
by one of different design with less welding. 

Crevices should be avoided wherever possible. 

The new bellows should be carefully heat treated (depending 
on the steel used) following welding to reduce stress corrosion 
and then pickled i f  necessary and carefully passivated before 
instal lation. 

The installation welds should be pickled and passivated i n  place. 

The whole assembly should be passivated at intervals during 
operation depending on the appearance of any corrosion products 
because of the severe environment. 
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9)  The load ring should be replaced by one of a different alloy 
or by one of the same alloy with a fatigue and corrosion resist- 
ant nickel plating. (.003” i f  possible, by the Barrett process.) 

10) The head assembly bellows, although not subjected to water, 
may be exhibiting the same type of corrosion with the additional 
factor that stresses and consequently stress corrosion would be 
more pronounced in  this bel  lows. 

3.9 EXPERIMENT DESIGN MANUAL AND HAZARDS ANALYSIS 

The Experiment Design Manual and Hazards Analysis have been updated at intervals 
throughout operation of the test equipment with the most recent change being to in- 
clude a hazard analysis for operating the test loops at temperatures above 30’R. This 
analysis i s  complete and includes activation analysis of each impurity gas that may 
be exposed to irradiation and eventually released to the atmosphere at various opera- 
ting conditions and with the consideration of possible sudden releases of the contained 
gases from various points in the system. 

Changes in  the Experiment Design Manual w i l l  be required to cover the modification 
of the test equipment for the fatigue testing but no additional hazards analysis i s  
anticipated. 

I 
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4 TEST PROCEDURES 

Certain procedures, preliminary to actual testing of specimens under the required 
controlled environment, are necessary as the result of a new beam port shield 
and the broad scope of the test program. Calibrations i n  the form of neutron flux 
mapping and temperature correlations and a new fatigue specimen design are re- 
quired. As in  the screening program, standard tensile test specimens cannot be 
used in this test program due to various restrictions on the test equipment imposed 
by the nuclear cryogenic environment. Although fatigue specimen design i s  not 
as standardized as tensile specimen design, the fatigue specimens used in  this pro- 
gram wi l l  represent a departure from any commonly used design. 

4.1 TEST SPECIMEN DESIGN AND FABRICATION 

4.1.1 Tensile Specimens 

The tensile specimens to be used in this program represent a miniaturization of the 
standard ASTM E-8 Specimen. (3 

The nominal diameter of the mid-point in the gage length i s  1/8 inch. The gage 
length i s  nominally 1/2 inch to maintain the standard 4:l gage length to diameter 
ratio. 

The limits of the gage length are delineated by l ight sandblasting of gage marks 
over an area 1/16 in. x 1/8 in. a t  each end of the gage length. This method of 
marking was used to avoid introducing a notch at each end of the gage length. 

The raw material from which the specimens was fabricated was thoroughly inspected 
using both visual and non-destructive testing techniques to insure uniform material 
quality of the completed specimens. After final polishing, the finished specimens 
i n  each alloy group were checked against each other using Eddy current techniques 
to assure the homogeniety of each sample lot of test specimens. 

During a l l  machining operations unusual precautions were taken to meet the espec- 
ia l l y  strict dimensional tolerances required due to the small size of the test specimens. 
After machining, each specimen was polished in  a longitudinal direction to remove 

(3). Anon: ASTM Standards, The American Society For Testirg Materials, 
1958, Part 3, pp 103-119. 
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any tool marks or scratches formed during machining. After completion, a l l  signif- 
icant dimensions were recorded for each specimen using an optical comparator to 
measure the dimensions. 

A variety of fatigue specimen designs have been considered with the objectives 
being to: (1) facil i tate placement, in i t ia l  alignment and maintenance of alignment 
during testing in  such a way as to minimize bending moments and any tendency to 
buckle under compression; (2) minimize slack in  the specimen holders; (3) permit 
cooling of the entire gage length to test temperature by placing adequate surface 
areas in  the helium flow and by reducing volume to minimize gamma heating; and 
(4) facilitate fabrication without work hardening of  the specimen during fabrication. 

A preliminary design has been made which w i l l  be qualif ied in  a modified test loop 
with the preliminary load control system described i n  Section 3.4.2.1 before de- 
ciding on a final specimen design and fabricating specimens for the low-cycle 
fatigue testing requirements of this program. 

The preliminary fati ue specimen design represents a compromise between the 
Wright Field T ~ p e ( ~ Q a n d  that used by various experimentalists including L.F. Coffin, 
Jr., (5 )  reporting results of low cycle fatigue testing i n  the open literature. It i s  
essentially a large radius notched bar with threaded ends for r ig id gripping. The 
minimum diameter i s  0.125“, the surface radius i s  0.75”, the threads are 3/8”- 
24 NF-2, the over-all specimen length i s  2.125”. The ”gage” length i s  approx- 
imately 0.8”. 

This specimen w i l l  be relatively easy to mount into and remove from the test loop 
remotely and w i l l  give adequate resistance to buckling under compression with 
reasonable stress and temperature distributions. With this specimen design the new 
specimen holders w i l l  be nearly identical with those used i n  the screening program 
with the major change being the addition of  iam nuts to secure the specimen i n  
the holders with minimum slack i n  the threads. A new bushing i n  the head assembly 
w i l l  be required to distribute the tension and compression loads while maintaining 

(4). 

(5). 

Anon., Manual on Fatigue Testing, ASTM Special Technical Publication 

L.F. Coffin, Jr. and J.F. Tavernelli, The Cycle Straining and Fatigue of 
No. 91, 1949, p 32. 

Metals, Trans. AIME, Vol. 215, Oct .  1959, p 794. 
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alignment. Anticipated possible changes after preliminary testing w i l l  be the 
addition of stress relief notches at the ends of the "gage" length and i n  the threads 
at the iam nut and holder juncture and possibly the addition of extended heat ex- 
changer surfaces to the holders. 

A specimen placement procedure has been prepared on the assumption that the final 
specimen and specimen holder designs wil l not differ much from the preliminary de- 
sign. It does not appear that additional special tools or jigs w i l l  be required. 

Some stress analysis and heat transfer analyses were undertaken during this reporting 
period and the resulting qualitative conclusions should be useful to the analysis 
of the test results or to more refined heat transfer studies that may prove necessary 
in  the event that severe alignment or gamma heating problems are encountered 
during the preliminary testing. 

Although not ordinarily considered in the presentation of fatigue data from similar 
specimens, there are stress concentration (or fatigue notch) factors i n  this type 
specimen due to the variation of cross section of the gage length and due to the 
threads. Adjustment of the test results due to the notch effect in  the "gage" length 
w i l l  be less than three percent. (6) 

The maximum elastic strain rate within this specimen i s  estimated to be an order of 
magnitude greater than that which would result i n  a specimen of the same gage 
length but of uniform cross section under a given specimen total elongation per unit 
time. With plastic deformation this factor must be multiplied by the ratio of the 
elastic modulus to the plastic modulus and can be very high i n  materials such as 
Aluminum 1099, even at a one cycle per second cyclic rate. This w i l l  have to be 
considered in  the evaluation of the test results. 

A detailed stress analysis i n  this specimen, particularly with plastic deformation, i s  
impossible. (7) Some cursory estimates of maximum tolerable misalignments result 
i n  values that are impossible to achieve and this analysis has been abandoned i n  
favor of the experimental approach. The alignment problem with respect to required 
test loop modifications was discussed earlier i n  Section 3.1.2. 

A number of specimens were machined from 18 Ni 300 Maraging Steel for preliminary 
testing, including observation of test loop misalignments, as well as to establish 
acceptable machining and finishing procedures. One of these i n  the unaged con- 
dit ion has been failed under cycl ic loading i n  the prototype test loop. The load 

(6 ) .  

(7). 

R.E. Peterson, Stress Concentration Design Factors, John Wiley & Sons, 

L.F. Coffin, Jr ., private communication. 
New York, 1953. 
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was cycled and gradually increased and the specimen failed after 15 cycles with 
an applied stress of 160,000 psi, which i s  the approximate ultimate strength of 
the material i n  the unaged condition. Inspection of the failed specimen showed no 
indication of buckling and showed a fracture with necking very much l ike that for 

pecirnen failures under various conditions of aging and loading w i l l  be required 
low cycle fatigue failures. This, in  itself, is p n C " L " g C : o i  OtY Pe 

- 

before definite conclusions can be reached regarding the alignment problem. 

Heat transfer studies have been reviewed to determine potential diff icult ies with 
respect to temperature distribution in  the fatigue specimen and fatigue specimen 
holder under various gamma fluxes including the maximum gamma flux that might 
be expected with the new beam port shield (0.40 watts per gram i n  the head 
assembly). Anticipated changes i n  the specimen shape and the specimen holder 
configuration from those used i n  the previous test program were also considered. 

1 
Analog field plots of the isotherms were made with an electrical analog f ield 
plotter to determine effects of various changes i n  contact resistances and i n  the 
heat transfer to the helium. It was assumed on the basis of the older calculations 
that the worst condition w i l l  be i n  the forward end of the specimen and the forward 
specimen holder. Conclusions from these studies are as follows. 

It w i l l  be essential to maintain good heat transfer from the specimen holders to the 
helium through the iam nuts or other configuration and poor heat transfer from the 
specimen holder to the specimen (within the limitation that alignment or security 
of the specimen cannot be sacrificed). 

With poor contact with the specimen holder at  the end of the specimen, less than 
10?! of the heat flow to the helium wi l l  be through the specimen and the maximum 
temperature gradient in  the specimen i s  approximately half  the maximum temperature 
gradient in the specimen holder. 

Regardless of variations in  the contact resistances and heat transfer to the helium, 
there appears to be a region within the specimen shoulder where the isotherm i s  
always nearly normal to the axis of the specimen. This fact can be used i n  the 
event that refined calculations or f ie ld plots of the surface temperature distribution 
prove to be desirable after some temperature distribution measurements i n  the prelim- 
inary fatigue specimen are obtained. 



4.2 FLUX MAPPING 

Accurate knowledge of the fast flux available in  HB-2, both spectral shape and 
level, i s  necessary to determine the irradiation exposure required to provide the 
desired integrated flux for each specimen. This w i l l  be accomplished by fo i l  
measurements using a combination of low and high threshold energy monitors. 
Lockheed procured the low threshold energy foils - Neptunium, Uranium, and 
Sulfur, for this use during this reporting period. The remainder of the foils w i l l  
be supplied by NASA. 

N o  flux measurements were made during this reporting period. It i s  anticipated 
that they w i l l  be started i n  Reactor Cycle 39P, i n  late October and early Novem- 
ber, and reported during the next reporting period. 

4.3 TENSILE TEST METHODS 

Tensile test methods to be used are the same as those used during the screening pro- 
gram. The only exception results from the necessity of maintaining test loop 
temperatures above 30°R for certain experiments after changing the temperature 
i n  the course of these experiments as indicated by the scope of the testing program 
to be described i n  Section 5. 

A method for attaining and maintaining the higher test loop temperatures in  such 
a way as to result in a minimum loss of refrigeration time to return the test loop 
to 30°R wi I I have to be established by experience. 

4.3.1 Temperature Correlation and Control 

At the outset of the screening program it was planned to monitor the test chamber 
temperature with a platinum resistance thermometer mounted i n  the test loop helium 
inlet duct just aft of the forward bulkhead. However, work reported by Coltman, 
et .al . , (8) at ORNL indicated a gross change i n  the low temperature electrical 
resistance of platinum resulting from exposure to a fast neutron environment. This 
irradiation induced increase in  resistivity i s  not completely removed by self-annealing 
at room temperature. Therefore, location of platinum resistance thermometers 

(8). Coltman, R.R.; Klabunde, C.G.; McDonald, D.C. and Redman, J.K.: 
Reactor Damage in  Pure Metals, J.  Appl. Phys., Vol. 33, No. 12, 
December 1962. 
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as originally planned would require re-calibration after each irradiation. Even 
after re-calibration, the sensors would have an uncertainty of measurement of 
about f 10% at the test temperature. 

For this reason, two p l a t i e t  ers were installed to monitor 
the temperature of the inlet and return helium streams i n  each test loop at a 
location remote from the fast neutron field. These pairs of sensors were located 
some thirty feet from the test zone, i n  the inlet and return legs of the refrigera- 
t ion manifold. 

Since this temperature control method does not provide direct measurement of 
specimen temperature, relationship between indicated sensor readings and speci- 
men temperature must be determined with thermocouples attached to typical 
specimens during the following three test stages: 

1. Calibration of direct measuring thermocouples on 
instrumented specimens. 

2. Determination of temperature distribution across the 
gage length of each of the above specimens. 

3. Determination of correction to be applied to the control 
sensors to insure the desired temperature at the gage 
length mid-point. 

The installation of the new beam port shield assembly along with the need for test 
operational temperatures other than 30"R have necessitated correlation of the test 
specimen temperature with that recorded by the platinum resistance thermometers 
located in the refrigerator manifold. 

Temperature control at the specimen i s  maintained by platinum resistance type 
temperature sensors which are located i n  the refrigerant distribution manifold. TO 
determine the temperature of the test specimen, recognizing that i t  i s  maintained 
at some temperature between that observed at the manifold sensors, a test pro- 
cedure which measures the temperature at three points on the specimen was developed. 

The specimen selected as a titanium alloy (6AI-4V). This material was selected 
for the standard since the thermal conductivity of this al loy i s  typical for alloyed 
titanium and considerably less than for the commercially pure titanium (55A) or high 
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purity aluminum (1099). The thermocouple junctions were welded to the bottom of 
a small axial groove and were located at the midpoint and gage marks on the specimen 
with the leads also positioned in the groove i n  thermal contact with the specimen 
for the maximum available distance. After mounting the thermocouples, the 
groove was f i l led with a suitable potting compound to prevent perturbations i n  
the gas flow pattern around the specimen when mounted in  the test loop. 

The procedure requires the calibration of the copper-constantan thermocouples 
as attached to the test specimen by using a previously N B S  calibrated platinum 
resistance thermometer as a reference temperature. This thermometer together 
with the thermocouple instrumented specimen were wrapped with aluminum foi 
and placed in  the test loop so that the helium refrigerant would flow over the 
package. The leads from the thermocouples were routed aft through available 
tubes as indicated i n  Figure 22 and the leads of the platinum resistance ther- 
mometers were routed through the end cap as shown in  Figure 23. 

The temperature of the package was stabilized in the loop by  means of the 
refrigeration system, at  approximately 540°R, 320°R, 140°R, 70°R and 30°R. 

The EMF generated by the thermocouples relative to an ice bath reference junc- 
tion were correlated with the temperature measured by the platinum resistance 
thermometer. The calibration of the thermocouples obtained are plotted i n  
Figure 24. These values were then correlated with N B S  tabulated values for 
copper-constantan thermocouples by overlaying the curve of the calibrated 
thermocouples on a curve plotted from NBS values. The slope of  the curve 
appeared nearly the same as that for the N B S  curve so the AE MV values (4 . .  
compatible with the standard were used to determine a correction factor for the 
thermocouples calibrated i n  the system, These results are plotted in  Figure 25. 

Subsequent to this the instrumented specimen was placed i n  i t s  holder in  the nor- 
mal test position as shown i n  Figure 26 and test runs at anticipated test tempera- 
tures were performed. The refrigerator operation was controlled during these 
tests to l imit the mass flow by reducing engine rpm to a level where the AT 
across the inlet and outlet sensors could be maintained within a nominal operating 
range; thus, the results reflect conservative temperature differences inasmuch as 
increasing engine speed increases mass flow reducing a1 I temperature differentials 
i n  the test system. 
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Al l  measurements were taken twice at the test point and each test point, or temp- 
erature, was repeated after measurements were taken at the next higher test 
temperature. Only one set of measurements was taken at 540"R due to a dif f iculty 
i n  maintaining refrigerator stability. The data obtained i s  currently being reduced 
for presentation in  subsequent reports. 

4.3.2 Strain Measurement 

For tensile tests, the strain of unnotched tensile specimens i s  measured using an 
extensometer developed for this application. This extensometer measures the in- 
crease of the separation between two knife edges in i t ia l ly  0.50 inch apart. The 
measurement i s  accomplished through the use of a linear variable differential trans- 
former (LVDT) specially constructed to be resistant to radiation effects. 

The signal generated by the LVDT i s  read out on the X axis of a Moseley X-Y 
Recorder used to plot a load-strain curve for each specimen tested. 

The extensometer was tested for reproducibility of signal at 30"R by repeatedly 
stressing an AIS1 4130 steel test specimen to approximately 60% of  i t s  yield strength 
and comparing the modulus slope recorded for consistency. 

The extensometers were verif ied and classified in  accordance with ASTM Specifica- 
t ion E-83 (9) using a Tuckerman optical strain gage as a primary standard. The 
error in  indicated strain was less than 0.0001 in/in. This gives the extensometer 
an ASTM Classification of B-1, suitable for determination of modulus values as 
wel l  as yield strength. However, this classification was obtained in  a standards 
laboratory using precision techniques and this degree of accuracy cannot be ex- 
pected following instal lation by remote means. As the extensometer i s  actually 
used, an ASTM Classification of B-2, suitable for determination of yield strength, 
but not of modulus, i s  probably a more realistic appraisal. 

This extensometer has a range of reliable accuracy of approximately 0.010 in., 
or some 2% of the specimen gage length. This i s  sufficient to record the elastic 
portion of the load-strain curve and the init ial  plastic portion to well beyond 
the yield strength (0.2% offset method). However, the strain cannot be measured 
immediately prior to failure except for rather bri t t le materials. During plastic 
behaviour of the test specimen at strain levels beyond the capability of the extens- 
ometer, load i s  recorded against time of the X axis to provide a record of the 

(9). Anon: ASTM Standards, Op. Cit. 



loading pattern and to allow accurate determination of the fracture stress. 

I 

The strain rate, measured over 10 second intervals during the elastic behaviour 
of the test specimen, i s  approximately 0.0015 in/in/min. This method of 
measuring speed-of-testing conformcSs4SrPAf-8 , paragraph 22. (ml -- 
4.3.3 Load Measurement 

The load applied to the test specimens in  the tensile test loop i s  monitored by 
a proving ring type dynamometer using a linear variable differential transformer 
to measure the ring deflection resulting from loading. The transformer operates 
from a 2 kilocycle carrier oscillator and phase sensitive demodulator. The direct 
current output from this demodulator i s  fed through the X-Y Recorder where i t  
i s  plotted on the Y axis as a direct measurement of stress. 

Each dynamometer was calibrated prior to installation i n  the test loop by loading 
in  series with a Morehouse vibrating reed proving ring calibrated by the National 
Bureau of Standards, The read out equipment associated with the test equipment 
was used to record dynamometer loading during calibration, The maximum 
difference in  the load recorded by the dynamometer and the standard ring was 
less than 2%. 

4.3.4 Data Recording 

The temperature of the helium gas i s  monitored with platinum resistance ther- 
mometers located at the helium manifold on both the test loop inlet and return 
transfer lines. These control sensors are monitored by the test console operator 
and recorded on a specimen test log at regular intervals, which documents the 
proper control of the specimen temperature throughout the irradiation exposure. 

The accumulated fast neutron flux dosage i s  calculated hourly. Both the incre- 
mental and accumulated flux are recorded in  a data log to serve as a permanent 
record of the exposure received by each in-pi le specimen. 

For load-strain recording, the monitoring instruments convert load and strain into 
electrical signals proportional in  strength to the magnitude of the load or strain 
being measured. The electrical impulse from each o f  these instruments i s  amplified 

(10). Anon: ASTM Standards, Op. Cit. 
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and plotted automatically by a Moseley X-Y Recorder. 
plot, strain as the X plot and the resultant load-strain curves are recorded on 
graph paper as a permanent record of  test data. The extensometer used in  this 
program i s  capable of measuring only about 0.010 inch extension with reliable 
accuracy. After this l im i t  of approximately 0.02 in/in total strain has been 
reached, the X axis recorder i s  switched to a time plot traveling at a rate of 
0.02 in/sec. 

Load appears as the Y 

The X-Y Recorder contains a calibrator which can provide a constant voltage 
of known amplitude to serve as a reference voltage. This calibration signal i s  
continuously variable from 400 mv to 1400 mv and permits setting the X-Y 
Recorder range to conform with the individual calibrations of the extensometers 
and dynamometers. 

The load-strain curve deve!oped during testing by the X-Y Recorder and the 
in i t ia l  specimen dimensions provide data for the determination of the ultimate 
tensile strength (Ft,) and the tensile y ie ld  strength (Fty). The modulus of elas- 
t ic i ty  may be approximated from these curves, but an exact determination of this 
value i s  unobtainable due to the method of extensometer installation imposed by 
the necessity of using remote handling techniques. 

4.3.5 

Elongation and reduction of area values were obtained by f i t t in 

Ducti I i ty  Measurements 

the broken sp c i -  
mens together and measuring the fractured gage length and minimum diameter by 
means of a micrometer stage and hair line apparatus accurate to 
These values are reported as the change in  magnitude from original specimen di- 
mensions expressed as a percentage of  the original value. 

0.0001 in. 

4.3.6 Data Reduction 

As described previously, load-strain curves are plotted up to strains of approx- 
imately 2 percent and thereafter the load i s  plotted versus time unti l  after failure 
of the specimen. 

The load scale i s  varied to accommodate the approximate ultimate stress of the 
material being tested while the strain scale i s  held constant. 
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In nearly a l l  measurements of tensile specimens, i t  i s  possible to estimate the 
slope of the so-called elastic portion of the load-strain curve and to thus deter- 
mine a yield point corresponding to 0.2 percent plastic strain. This slope i s  also 
used to determine an approximate modulus of elasticity value. 

The scale used and the yield increment are recorded on a master calculation sheet 
as are the ultimate load increment and the fracture load increment. 

The elongated gage length and reduced diameter of the failed specimens are meas- 
ured and these dimensions also are recorded on the master calculation sheet for the 
particular material. 

4.4 FATIGUE TEST METHODS 

After extensive modification of the test equipment, low-cycle fatigue characteristics 
of the selected materials w i l l  be studied. The fatigue testing portion of this pro- 
gram i s  divided into two experiments: cycl ic load testing during irradiation at 30"R 
and cyclic load testing after irradiation to 1017 nvt (E > 0.5 MeV) at  30"R with 
appropriate control tests at  30°R and 540'R without irradiation. 

4.4.1 Low-Cycle Fatigue During Irradiation 

The test procedure w i l l  consist of applying a pre-determined stress load at  a cycl ic 
rate of 6 cpm for 10,000 cycles unless the test i s  interrupted before this point by  
specimen failure. The in i t ia l  stress level w i l l  be 90% of the previously established 
ultimate tensile strength for the material at the given test condition; subsequent 
stress levels w i l l  be established on the basis of  test results. The tests w i l l  be per- 
formed at  540'R and 30°R, unirradiated and at  30"R during irradiation with the 
in i t ia l  load application made at the start of the irradiation period. A maximum of 
nine specimens for each material and condition w i l l  be performed in  each of the 
experimental conditions. The test data w i l l  be reported as a plot of cycles to 
failure versus applied stress for each condition. 

4.4.2 Low-Cycle Fatigue Following Irradiation to 1017 nvt 

This phase of the test program i s  similar to that described above except that the 
irradiated specimens are subjected to an exposure of  1 x 1017nvt (E >0.5 MeV) at 
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30°R and withdrawn from the beam port prior to the in i t ia l  load application. The 
cycl ic load rate i s  again 6 cpm and the applied stress w i l l  be determined on the 
basis of in i t ia l  testing at 90% of the ultimate strength for the material and test 
condition. As with the other testing, appropriate control tests without irradiation 
w i l l  be performed. 

4.5 STRUCTURAL STUDIES 

Structural studies wi l l  be performed with the aid of optical microscopy, electron 
microscopy, and X-ray diffraction. Procedures for these methods are being 
developed with the assistance of NASA Plum Brook Reactor Facil ity personnel 
and wi l  I be reported in  later progress reports. 

I t  i s  expected that transmission electron microscopy studies of the failed tensile 
specimens and electron fractographs of the fatigue specimens may be particularly 
valuable although both of these techniques present considerable diff iculty, partic- 
ularly i n  hot cel l  operations. 
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5 TEST PROGRAM 

5.1 MATERIALS SELECTION 

The materials, pure aluminum, titanium and titanium alloys, to be tested during 
this program were selected on the basis of their potential usefulness i n  nuclear- 
cryogenic space hardware and their abi l i ty to yield fundamental information i n  
terms of basic mechanisms occurring i n  metals and alloys during and following 
fast neutron irradiation a t  cryogenic temperatures. 

The titanium alloys of primary alpha structure usually exhibit good cryogenic prop- 
erties due to the hexagonal close-packed structure of  this phase. They have a high 
modulus of r igidity and a high strength-weight rat io which i s  comparable with the 
best aluminum alloys. Also, they have allowable working temperatures which are 
higher than the aluminum alloys. This makes them more suitable for rocket compo- 
nents since in i t ia l ly  during rocket firing at cryogenic temperatures they may see 
elevated temperatures. Titanium-5% AI - 2.5% Sn with standard interstitial con- 
tent and the same al loy with extra low interstitial content are to be tested along 
with Titanium - 6% AI - 4% V in both the annealed and aged conditions. 

Titanium - 5% AI - 2.5% Sn i s  a fairly high strength alpha phase al loy (Ftu%120 Ksi 
at room temperature). It i s  now commercially available i n  the extra low interstitial 
grade (less than 0.125% interstitials, and designated e l i )  and possibly would be 
specified i n  this grade by designers for use in  shells, pressure vessels and pump parts 
of nuclear rockets. However, recent nuclear cryogenic tests to 1017 nvt (E>0.5 MeV) 
a t  30°R indicate that the ultimate strength of the e l i  material i s  adversely effected 
by the neutron irradiation. It i s  conceivable that higher irradiations might cause 
adverse effects on various properties, including fatigue strength, which would negate 
any inherent advantages of the e l i  material. In addition, tensile testing of both grades 
of this al loy might y ie ld fundamental information on the general role of interstitials i n  
nuclear cryogenic processes occurring in  a1 I metals and alloys. 

Titanium - 6% AI - 4% V i s  an alpha-beta al loy in  which the beta phase i s  metastable 
i n  the annealed condition and largely transformed to alpha by aging. The ultimate 
strength of the aged materials i s  about 170 ksi a t  room temperature with favorable 
cryogenic characteristics and i t  i s  very l ikely to be specified for shells and pressure 
vessels in  space hardware. Irradiation to 1017 nvt a t  30°R causes measurable increases 
in the strength of the aged material but not the annealed material. High irradiations 
a t  the same temperature may confirm this effect and may possibly yield fundamental 
information regarding the effects of nuclear irradiation on precipitation processes. 
Such effects are s t i l l  not very well understood although they are of wide general 
interest to both basic researchers and applications people. 
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Titanium S A ,  although of only moderate strength, has good forming characteristics 
and meets the requirements for some nuclear rocket applications; however, i t  was 
selected for study in  this program primarily because i t  i s  essentially commercially 
pure elemental titanium and may yield important fundamental information. LLhm 
exhibited a small but measur- in  yieid strength due to fast neutron 
irradiation of 1017 nvt at  30°R. -- 

Aluminum 1099 was selected for study because i t  has exhibited very large effects 
due to irradiation at 30°R as well  as some annealing effects and effects due to 
deformation prior to irradiation. I t  i s  high purity aluminum and, of a l l  the materials 
selected, offers the best opportunity for study of the fundamental irradiation mech- 
anisms, although i t  i s  of l i t t le  value as a structural material. 

5.2 SCOPE 

The test program, shown in Tables 1 and 2 ,  consists of the following eight general areas 

Effect of irradiation at 30"R on tensile properties of 
pure aluminum (1099 AI). 

Effect of irradiation temperature on tensile properties 
of pure aluminum (1099 AI). 

Effect of annealing on tensile properties of pure aluminum 
(1099 AI) irradiated at 30"R. 

Effect of irradiation at 30"R on tensile properties of 
titanium and titanium alloys. 

Effect of irradiation at  30"R on Iow-cycle fatigue 
properties of titanium and titanium alloys. 

Effect of irradiation at 30"R on low-cycle fatigue 
properties of pure aluminum (1099 AI). 

Effect of cryogenic temperature on tensile properties 
of  commercially pure titanium. 

Effect of cryogenic temperature on tensile properties 
of 7178 Aluminum al loy. 
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TABLE 1 -- TENSILE TEST PROGRAM (SCOPE) 

3 
10 

Materia I 

1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
1099 AI 
T i  -55A 
Ti-55A 
T i  -55A 
T i  -55A 
Ti-55A 
T i  -55A 

Ti-5AI-2.5 Sr 

(ELI 1 
I1 

I t  

1 x 1017 
0 

T i  -5AI -2.5 Sr 
(STD) 

I I  

I t  

Ti-6AI-4V 
T i  -6AI -4V 
Ti-6AI-4V 
Ti-6AI-4V 
T i  -6A I -4V 
T i  - 6A I -4V 
T i  - 6A 1 -4V 
T i  -6AI -4V 

7178 AI  
7178 AI 

REMARKS : 

3 
5 
5 

3 
5 
5 

3 

~ 

Condition 

-H 14 
-H 14 
-H14 
-H 14 
-H14 
-H14 
-H14 
-H14 
-H14 
-H14 
-H 14 
-H14 
-H14 
-H14 
-H14 
Annealed 
Ann ea I ed 
Annealed 
An nea I ed 
An nea I ed 
Ann ea I ed 
Annea led 
Annealed 
Annealed 
Ann ea I ed 
Ann ea I ed 
Ann ea I ed 
Annea led 
Ann ea 1 ed 
Annea I ed 
Ann ea I ed 
Ann ea I ed 
An nea I ed 
Aged 
Aged 
Aged 
Aged 

1 x 1018 
0 
0 

1 1017 
1 x 1018 

0 
0 

Specimens 
(E>0.5 MeV) 

1 1017 
3 
3 
3 
3 
3 
5 
3 
3 
3 
3 
3 
3 

3 x  1017 

1 1017 

1 1017 

1 1017 

1 1017 

0 

0 

0 

0 

0 

1 1°17 0 

10 
5 
3 
3 

0 
0 

1 1017 
6 x  1017 

5 
3 
3 
5 
5 
3 
3 

10 

0 
1 1017 
1 x 1018 

1 1017 
1 x 1018 

0 
0 

0 
10 I 0 

o s u r e  
Temperature (OR) 
I 

Exposure 
30 
30 
30 

140 
140 
320 
32 0 
540 
540 

30 
30 
30 
30 
30 
30 

540 
140 
30 
30 
30 
30 

540 
30 
30 
30 

540 
30 
30 
30 

540 
30 
30 
30 

540 
30 
30 
30 

540 
140 

(1) 
(2) 
(3) 
(4) 
(5) 

Data available from screening program (Reference 1) .  
Some data also available from screening program (Reference 1). 
To be held at  exposure temperature for 14 hours. 
To be fractured at post-exposure temperature. 
Data for f ive specimens available from screening program (Reference 1). 
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TABLE 2 -- FATIGUE TEST PROGRAM (SCOPE) 

"R 

540 
30 
30 

540 
30 
30 

540 
30 
30 

540 
30 
30 

540 
30 
30 

540 
30 
30 

- 
- 

- 

Materia I 
~ 

1099 AI 
1099 AI 

T i  -55A 
Ti-55A 
T i  -55A 
Ti-5AI-2.5 Sn (E l i )  
Ti-5AI-2.5 Sn (Eli) 
Ti-5AI-2.5 Sn (Eli) 
Ti-5AI-2.5 Sn (Std) 
Ti-5AI-2.5 Sn (Std) 
Ti-5AI-2.5 Sn (Std) 
Ti-6AI -4V (Ann) 
T i  -6AI -4V (Ann) 
Ti-6AI-4V (Ann) 
Ti-6AI -4V (Aged) 
T i  -6AI -4V (Aged) 
Ti-6AI-4V (Aged) 

w- 

Materia I 

1099 AI 
1099 AI 
T i  -55A 
T i  -55A 
Ti-5AI-2.5 Sn (Eli) 

Ti-5AI-2.5 Sn (Eli) 
Ti-5AI-2.5 Sn (Std) 

Ti-5AI-2.5 Sn (Std) 
Ti-6AI-4V (Ann) 

Ti-6AI -4V (Ann) 
T i  -6AI -4V (Aged) 

Ti-6AI-4V (Aged) 

No. Speci- 
mens (Max) 

9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 
9 

-- 

No. Speci- 
mens (Max) 

9 
9 
9 
9 
9 

9 
9 

9 
9 

9 
9 

9 

Test Type 
_ _ _ _ _ _ _  

Fatigue During Exposure 

Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 
Fatigue During Exposure 

Test Type 
~~~~~ ~ 

Post-Exposure Fatigue 
Post-Exposure Fatigue 
Post- Exposure Fat i g ue 
Post-Exposure Fatigue 
Post- Exposure Fatigue 

Post - Exposur e Fatigue 
Post-Exposure Fa t i  gue 

Post-Exposure Fatigue 
Post-Exposure Fatigue 

Post -Exposure Fatigue 
Post -Exposure Fatigue 

Post-Exposure Fatigue 

E x p o s u r e  
Location 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 

-- 

- 

Out-of+ le 
Out-of-pile 
In-pi le  
Out-of-pi le 
Out-of-pi le 
In-pile 
Out-of-pi le 
In-pile 
In-pile 
Ou t-of-pi I e 
Out-of-pi l e  
In-pile 
Out-of-pile 
Out-of-pile 
In-pile 
Out-of-pi le 
Out-of-pile 
In-pile 

Exposures 

0 30 
1 x 1017 (14 hr) 
0 30 

0 30 
(14 hr) 

1 1017 30 
0 30 

(14 hr) 

0 30 
(14 hr) 

1 1017 30 
0 30 

(14 hr) 
1 1017 30 

1 1017 30 

1 1017 30 

Post- 
Expo' 
"R 

30 
30 
30 
30 
30 

30 
30 

30 
30 

30 
30 

30 

- 

- 

re 

CPm 

6 
6 
6 
6 
6 

6 
6 

6 
6 

6 
6 

6 

- 

- 
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As noted on Table 1, data obtained from the screening program(’) i s  to be included 
in the analysis of the effects of irradiation at cryogenic temperatures on materials, 
Complimentating the mechanical property tests wi l  I be the structural studies, also 
using data obtained from the screening program for analysis. 

(1). Quarterly Progress Reports 1-16, Contract NASw-114. 
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ABSTRACT 

This i s  the first quarterly report for a study of the effect of nuclear radiation on 
materials at cryogenic temperatures. 
(1) 1018 n/cm2 at 30°R on tensile properties of titanium-base alloys; 
(2) irradiation temperature (30'R to 540'R) on tensile properties of 1099-H14 
Aluminum following irradiations up to 3 x 1017n/cm2; (3) annealing following 
irradiation at 30'R to 1017 n/cm2 on tensile properties of 1099-H14 Aluminum; 
and (4) irradiation at 30°R on axial, low-cycle fatigue properties of titanium- 
base alloys. This report describes modifications to existing test equipment, 
maintenance and calibration procedures, and introduces the test program. 

These studies include the effect of: 


